It has been known for some time that atherosclerotic lesions preferentially develop in areas exposed to low SS and are characterized by a proinflammatory, apoptotic, and senescent endothelial phenotype. Conversely, areas exposed to high SS are protected from plaque development, but the mechanisms have remained elusive. Autophagy is a protective mechanism that allows recycling of defective organelles and proteins to maintain cellular homeostasis. We aimed to understand the role of endothelial autophagy in the atheroprotective effect of high SS. Atheroprotective high SS stimulated endothelial autophagic flux in human and murine arteries. On the contrary, endothelial cells exposed to atheroprone low SS were characterized by inefficient autophagy as a result of mammalian target of rapamycin (mTOR) activation, AMPKα inhibition, and blockade of the autophagic flux. In hypercholesterolemic mice, deficiency in endothelial autophagy increased plaque burden only in the atheroresistant areas exposed to high SS; plaque size was unchanged in atheroprone areas, in which endothelial autophagy flux is already blocked. In cultured cells and in transgenic mice, deficiency in endothelial autophagy was characterized by defects in endothelial alignment with flow direction, a hallmark of endothelial cell health. This effect was associated with an increase in endothelial apoptosis and senescence in high-SS regions. Deficiency in endothelial autophagy also increased TNF-α-induced inflammation under high-SS conditions and decreased expression of the antiinflammatory factor KLF-2. Altogether, these results show that adequate endothelial autophagic flux under high SS limits atherosclerotic plaque formation by preventing endothelial apoptosis, senescence, and inflammation.
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endothelial | autophagy | shear stress | atherosclerosis | inflammation A therosclerosis develops at arterial bifurcations and at the inner part of curvatures where blood flow is low or disturbed, whereas areas exposed to high blood flow, generating high laminar shear stress (SS) on the endothelium, remain lesion-free (1) (2) (3) (4) . Low SS is known to induce endothelial apoptosis, which in turn increases their procoagulant and proadhesive phenotype for platelets (5) (6) (7) . Endothelial cells with senescence-associated phenotype are present in low-SS areas (8, 9) . Senescent endothelial cells exhibit a proinflammatory phenotype that may contribute to the initiation and progression of atherosclerosis (9, 10) . Low SS also stimulates endothelial expression of adhesion molecules and the release of chemokines that contribute to leukocyte recruitment, the early steps of atherosclerotic plaque formation (4, 11) . However, the regulation of endothelial phenotypes by SS remains not fully elucidated.
Macroautophagy (hereafter referred to as autophagy) is a major intracellular recycling system. Under basal conditions, autophagy controls organelle and protein quality to maintain cellular homeostasis. Under conditions of stress, autophagy acts as a survival mechanism, maintaining cellular integrity by regenerating metabolic precursors and clearing subcellular debris (12) . Autophagy primarily acts as a protective mechanism preventing cell death and senescence (12) . This process modulates an expanding list of disease processes (12) . Recent data indicate that mice deficient in endothelial Atg7, a key protein in autophagy process, develop more atherosclerotic plaques, but the mechanism remains elusive (13) . Several groups have investigated the effect of SS on endothelial autophagy, with conflicting results. Most groups have found that SS activates autophagy in cultured endothelial cells (14) (15) (16) (17) (18) (19) (20) , but a few investigators have compared the effects of different SS levels and reported paradoxical findings (14, (16) (17) (18) 21) . The rare analyses of animal vessels did not help in drawing reliable conclusions (16, 18, 21) . Importantly, the consequences of defective autophagy on endothelium health, i.e., apoptosis, senescence, and inflammatory phenotype, have not been thoroughly investigated (14) . This led us to test the hypothesis that autophagy mediates the effect of SS on atherosclerosis development.
Significance
Atherosclerotic plaques tend to develop preferentially in areas of the vasculature exposed to low and disturbed shear stress (SS), but the mechanisms are not fully understood. In this study, we demonstrate that inefficient autophagy contributes to the development of atherosclerotic plaques in low-SS areas. Defective endothelial autophagy not only curbs endothelial alignment with the direction of blood flow, but also promotes an inflammatory, apoptotic, and senescent phenotype. Furthermore, genetic inactivation of endothelial autophagy in a murine model of atherosclerosis increases plaque burden exclusively in high-SS areas that are normally resistant to atherosclerotic plaque development. Altogether, these findings underline the role of endothelial autophagic flux activation by SS as an atheroprotective mechanism.
Results
Autophagy Is Defective in Endothelial Cells Exposed to Low SS. Given the inconsistent in vitro results regarding the effect of SS on endothelial autophagy (14, (16) (17) (18) 21) , we first examined endothelial autophagy level in isolated human and murine arteries by assessing LC3 punctae labeling (22) . In human carotid arteries, LC3 staining was systematically less abundant in endothelial cells exposed to a disturbed low SS compared with those exposed to physiological high SS (7, 23, 24) (Fig. 1A and SI Appendix, Table  S1 ). In murine arteries, en face LC3 staining of the inner part of the curvature of the aorta, exposed to a disturbed low SS, was significantly lower than that in the linear part of the descending thoracic aorta, exposed to a physiological high SS (Fig. 1B) . This difference was observed in males as well as in females. Endothelial autophagy was then evaluated by measuring the LC3II/ LC3I ratio in low-passage cultured human umbilical vein endothelial cells (HUVECs) exposed to 2 vs 20 dyn/cm 2 SS for as long as 24 h (Fig. 1C) . A difference between low and high SS appeared after 12 h and was more pronounced at 24 h (Fig. 1C) . Similar results were also observed when expressing LC3 as a ratio of LC3II to GAPDH (SI Appendix, Fig. S1A ) and when measuring LC3 by flow cytometry analysis (SI Appendix, Fig.  S1B ). Finally, transmission EM analysis revealed a lower number of autophagic vacuoles in HUVECs exposed to low than to high SS (n = 3; Fig. 1D ). Altogether, these results demonstrate that autophagy is reduced in endothelial cells exposed to low SS compared with high SS.
Complete autophagy requires the fusion of autophagosomes with lysosomes. To evaluate the autophagy flux, we treated HUVECs with bafilomycin A1, an inhibitor of autophagic flux. In HUVECs exposed to high SS for 6 h, bafilomycin A1 increased the LC3II/LC3I ratio, attesting to a functional autophagic flux under these conditions ( Fig. 2A) . On the contrary, bafilomycin A1 had no effect under low SS conditions, suggesting a blockade of the fusion between autophagosomes and lysosomes under these conditions ( Fig. 2A) . To confirm these data, we used a tandem monomeric red fluorescent protein (mRFP)-GFP-LC3 assay as a complementary strategy. In this assay, autophagosomes are labeled with a yellow signal (mRFP-GFP-LC3), and their maturation into autolysosomes is attested by a red signal as a result of the quenching of GFP fluorescence in lysosomes. As shown in Fig. 2B , RFP fluorescence was twofold lower in HUVECs exposed to low-SS compared with high-SS conditions, attesting to a blockade of autophagic flux under low SS. Similarly, colocalization of LC3 and the lysosomal marker LAMP2 was lower under low-SS than under high-SS conditions, confirming an impaired autophagic flux under low SS ( 2D , chloroquine enhanced LC3 staining in high-SS areas but had no effect in low-SS areas, confirming the results obtained in vitro.
We then investigated the pathways responsible for this defect in endothelial autophagy under low SS. Exposure to SS for as long as 24 h did not alter endothelial expression of the key proteins of the autophagy pathway, namely Beclin1, ATG5, and ATG7 (SI Appendix, Fig. S1C and Table S3 ). LAMP2 expression was also unaffected (SI Appendix, Fig. S1C ). The mammalian target of rapamycin (mTOR) and AMPK pathways are master negative and positive regulators of autophagy, respectively (25) . Low SS increased 4EBP1 phosphorylation, confirming the activation of mTOR pathway under these experimental conditions (26) (SI Appendix, Fig. S1D ). Inhibition of mTOR by using rapamycin increased autophagy level in HUVECs exposed to low-SS condition (Fig. 3A) . Similarly, injection of rapamycin into WT mice increased LC3 staining in endothelial cells in low-SS areas (Fig. 3B) . As previously described, we observed reduced phosphorylation of AMPKα and of its substrate, acetylCoA carboxylase, under low-SS conditions (26-28) (SI Appendix, Fig. S1 E and F). To ascertain the implication of AMPKα in the regulation of endothelial autophagy by SS, we evaluated LC3 staining in endothelial cells from the aorta of mice deficient in Ampkα1 (Fig. 3C ). Endothelial LC3 staining in high-SS areas was significantly lower in Ampkα1-deficient mice than in littermate WT mice. Moreover, endothelial LC3 labeling was not different between high-and low-SS areas of the aorta of Ampkα1-deficient mice, whereas it was significantly lesser in low-SS than in high-SS areas of WT mice. These results support the hypothesis that the AMPKα pathway mediates endothelial autophagy activation by high SS. Taken together, these results demonstrate that the defect in endothelial autophagy under low-SS conditions results from an inhibition of the AMPKα and activation of the mTOR pathways and is associated with a blockade of the autophagic flux. ; VE-cadherin-cre and littermate controls were fed a Western diet for 10 wk (SI Appendix, Fig. S2 A and B) . In Apoe −/− ; Atg5 flox/flox mice, atherosclerotic plaques formed preferentially in the curvature of the aorta, whereas the descending thoracic aorta was protected from lesion development (Fig. 4) . Plaque size increased by approximately 100% in the descending thoracic aorta of mice deficient in endothelial autophagy compared with littermate controls (Fig. 4) . This difference persisted even after excluding plaques at the ostia of branching arteries, which correspond to small areas of the descending thoracic aorta where SS is low (SI Appendix, Fig. S2C ). Unlike the descending thoracic aorta, we observed no significant difference in plaque size in the aortic arch between the two strains (Fig. 4) . Endothelial deficiency in ATG5 in the Apoe −/− mice had no effect on arterial blood pressure and cholesterol levels, body and organ weight, or blood cell count (SI Appendix, Table S4 ). Serum glucose level was significantly higher in Apoe −/− ;Atg5 flox/flox ;VE-cadherin-cre mice than in littermate controls, but remained in the normal range, below 126 mg/dL. These data support a direct effect of endothelial autophagy on atherosclerotic plaque formation rather than an effect on systemic metabolic parameters.
Taken together, these findings demonstrate that deficiency in endothelial autophagy promotes atherosclerotic plaque formation in atheroresistant regions. ;Atg5flox/flox;VE-cadherin-cre (n = 11) mice were fed a Western diet for 10 wk. Quantification of en face Oil Red O staining of atherosclerotic lesions in the aorta of these mice and representative images. (Scale bar, 1 mm.) Data are given as median (horizontal bar) and interquartile range (error bar; *P < 0.05, **P < 0.01, and ***P < 0.001; HSS, high SS; LSS, low SS). Deficiency in Endothelial Autophagy Disturbs Endothelial Alignment in Response to Flow. The presence of lesions in areas that are normally resistant to atherosclerosis suggested a role for defective endothelial autophagy in the impairment of flow-dependent atheroprotective mechanisms. We first examined endothelial cell alignment, which is a hallmark of atheroresistant areas and plays an important role in the flow-dependent activation of antiinflammatory vs. proinflammatory pathways (3, 29, 30) . We observed that HUVECs failed to align with the direction of flow under high SS when autophagy was inhibited by a pharmacological approach (i.e., wortmannin) or a genetic approach (i.e., a lentivirus expressing an ATG5 shRNA; Fig. 5 A and B) . Conversely, activation of autophagy by using rapamycin in HUVECs exposed to low SS induced an alignment in flow direction (Fig. 5A) . To investigate the relevance of these findings in vivo, we generated two models of mice deficient in endothelial autophagy, Atg5 flox/flox ;VE-cadherin-cre and Atg7 flox/flox ; VE-cadherin-cre mice (SI Appendix, Fig. S3 ). In these transgenic mice, deficiency in endothelial ATG5 or ATG7 had no effect on arterial blood pressure, serum glucose and cholesterol levels, or body weight, but spleen and heart weights were slightly higher in Atg7 ;VE-cadherin-cre (SI Appendix, Tables S5 and S6 ). In line with the observations made in vitro, endothelial alignment in the direction of flow was disturbed in high-SS areas of the aorta of mice deficient in ATG5 or ATG7 ( Fig. 5C and SI Appendix, Fig. S4 ).
Role of PECAM-1 and of the Primary Cilium in SS Dependent Regulation of Endothelial Autophagy. One of the main flow sensors in endothelial cells is the complex formed by PECAM-1 (CD31), VEcadherin, and VEGFR2 (31) . As this complex is involved in cell orientation under flow, we evaluated its contribution to the regulation of endothelial autophagic flux. Decreasing PECAM-1 expression in HUVECs did not change the effect of high and low SS on the LC3II/LC3I ratio (SI Appendix, Fig. S5A ). Similarly, LC3 en face staining of the aorta of CD31 −/− mice showed the persistence of the enhanced autophagy level in high-SS areas compared with low-SS areas (SI Appendix, Fig. S5B ). The primary cilium is another mechanosensor expressed by endothelial cells (32) and differentially regulated between high-and low-SS areas. Recent data indicate that the primary cilium can regulate autophagy in epithelial cells (33) . To determine whether the primary cilium mediates the effect of SS on endothelial autophagy in HUVECs, we silenced KIF3a, a protein essential for primary cilium function, and exposed these cells to high and low SS. As shown in SI Appendix, Fig. S5C , the effect of SS on LC3II/LC3I ratio was not modified by the deficiency in KIF3a. Altogether, these data indicate that the mechanosensor mediating endothelial SS effect on autophagy is neither PECAM-1 nor the primary cilium.
Deficiency in Endothelial Autophagy Promotes Endothelial Inflammation.
We then tested whether autophagy regulates endothelial inflammatory responses in high-SS conditions. Under control conditions, expression of KLF2 and ICAM-1 and release of MCP-1 were not different between HUVECs transduced with a lentivirus expressing an ATG5 shRNA and control cells (Fig. 6 A-C) . By contrast, after exposure to the proinflammatory stimulus TNF-α, HUVECs deficient in autophagy expressed significantly less KLF2 and more ICAM-1 and released more MCP-1 than HUVECs transduced with a control shRNA (Fig. 6 D-F) . This effect was not associated with an increase in autophagy level following TNF-α exposure (SI Appendix, Fig. S6 ). Altogether, these results establish that activation of endothelial autophagy by high SS is required for curbing the response to proinflammatory stimuli.
Deficiency in Endothelial Autophagy Leads to Endothelial Apoptosis.
Previous in vitro data have suggested that high SS-induced autophagy could prevent apoptosis induced by H 2 O 2 in endothelial cells (14) . In WT mice, as expected, en face TUNEL staining showed more apoptotic nuclei in endothelial cells of the inner part of the curvature of the aortic arch exposed to low SS than in those of the linear part of the aorta exposed to high SS (7) (Fig. 7A) . Interestingly, the linear part of the aorta of mice deficient in endothelial ATG5 contained fivefold more apoptotic cells than the same area of WT mice (Fig. 7A) . As p53 controls apoptosis, we analyzed endothelial p53 expression in vivo. We exposed 13-17-wk-old mice deficient or not in ATG5 to a high-fat diet for 5 wk as reported previously (9) (SI Appendix, Fig. S7A ). We observed that mice deficient in endothelial autophagy had twice as many p53-positive nuclei in the linear part of the aorta as the controls (Fig. 7B) . These results show that activation of endothelial autophagy by high SS prevents apoptosis.
Deficiency in Endothelial Autophagy Leads to Endothelial Senescence.
As p53 also regulates senescence, we thus evaluated the role of SSinduced autophagy on endothelial senescence in cultured cells and in mice. HUVECs exposed to low SS displayed higher senescenceassociated (SA)-β-gal activity than those exposed to high SS, confirming that low SS induces senescence in endothelial cells (9) (Fig.  8A) . Pharmacological inhibition of autophagy using wortmannin under high SS increased endothelial senescence to levels similar to 
Data are given as mean (horizontal bar) and SEM (error bar). (B and E)
Western blot quantification of ICAM-1 expression in HUVEC (n = 4 and n = 6, respectively). (C and F) Quantification of MCP1 in the supernatants of HUVECs by ELISA (n = 8 and n = 6, respectively; *P < 0.05 and **P < 0.01).
those of HUVECs exposed to low-SS conditions (Fig. 8A) . Similarly, inhibition of autophagy in HUVECs under high SS using a lentivirus expressing an ATG5 shRNA increased p16 protein expression by fourfold (Fig. 8B) . Conversely, pharmacological activation of autophagy using rapamycin under low SS reduced senescence to a level similar to that of HUVECs exposed to high SS (Fig. 8A ).
To assess senescence in vivo, we performed p16 en face staining on the thoracic descending part of the aorta of Atg5 flox/flox ;VE-cadherin-cre vs. Atg5 flox/flox mice, and observed that mice deficient in endothelial autophagy had twice as many p16-positive nuclei as the controls, attesting to a more senescent phenotype (Fig. 8C) . To confirm these findings, we exposed 48-wk-old mice deficient in ATG5 or ATG7 and their littermate controls to a high-fat diet for 16 wk, a regimen used to better evidence endothelial senescence in vivo (34) (SI Appendix, Fig. S7B ). There was no difference in serum glucose and cholesterol levels or in body and organ weight between mice deficient or not in endothelial autophagy for both models except for a slightly lower liver weight in Atg5 flox/flox ;VEcadherin-cre mice and a slightly higher heart weight in Atg7 flox/flox ; VE-cadherin-cre than in littermate controls (SI Appendix, Tables S7 and S8). We evaluated senescence by en face SA-β-gal staining in both mouse models. As expected, in control animals, endothelial senescence was greater in the inner part of the curvature of the aortic cross, corresponding to a low-SS area, than in areas exposed to high SS (9) (Fig. 8D and SI Appendix, Fig. S7C ). Interestingly, mice deficient in endothelial ATG5 as well as those deficient in endothelial ATG7 had 2.5 fold more senescent endothelial cells in high-SS areas of the aorta than littermate controls, whereas senescence in low-SS areas was unchanged (Fig. 8D and SI Appendix,  Fig. S7C ). Altogether, these data demonstrate that activation of endothelial autophagy by high SS protects against senescence and suggest that defective autophagy in low-SS areas is responsible for premature senescence in these regions.
Discussion
This study demonstrates that a defect in endothelial autophagy occurs in low-SS areas, impairing endothelial cell alignment in response to flow and causing endothelial inflammation, apoptosis, and senescence, thus favoring the development of atherosclerotic lesions.
The first major finding in this study was that low SS induces a defect in endothelial autophagy as a result of mTOR activation and AMPKα pathway inhibition. Conversely, high SS strongly activates autophagy. Previous analyses of the effect of various SS conditions on endothelial autophagy gave conflicting results in cultured cells (14, (16) (17) (18) 21) . Fewer studies are available on blood vessels, but their results either lack sensitivity, as they were obtained with lysates from the entire arterial wall, where endothelial cells are quantitatively negligible (16, 18, 21) , or used p62 immunohistochemistry, a molecule known to be regulated by SS (14, 16) . Our results fill this gap in knowledge, as we observed, in human arteries, in aortas from mouse, and in cultured endothelial cells, a lower autophagy level in endothelial cells exposed to low compared with high SS. The difference in autophagic flux between the two conditions is even larger than that reflected by the LC3II/ LC3I ratio and the LC3 punctate signal we present. Indeed, under low SS, autophagic flux is blocked, leading to LC3II accumulation. Although sex differences in autophagy in various tissues have been reported in certain settings, we observed the same regulation of endothelial autophagy by SS in male and in female mice (35) .
A second major finding in the present study was that a defect in endothelial autophagy enhances atherosclerotic plaque development specifically in high-SS areas where alignment of endothelial cells in the flow direction was impaired, and inflammation, apoptosis, and senescence were increased. We also tested major endothelial mechanosensors and found that neither PECAM-1, which is part of the PECAM-1/VE-cadherin/VEGFR2 complex, nor the primary cilium were implicated in signal transmission for autophagy regulation (3). The previously described endothelial dysfunction and lipid retention associated with endothelial autophagy deficiency may also contribute to atherosclerosis (13, 36) . The effects we observed in the present study were not mediated by an impact on cardiovascular risk factors, as body weight, arterial blood pressure, and plasma cholesterol levels were not influenced by the deficiency in endothelial autophagy in basal conditions or under Western diet. Fasting serum glucose levels were only slightly higher in Apoe ;VEcadherin-cre mice compared with littermate controls. However, such mild changes likely do not explain the effect we observed on atherosclerosis. Our observation that the increase in the proatherogenic phenotype and in plaque size in mice deficient in endothelial autophagy was restricted to high-SS areas implies that, under high atheroprotective SS, the autophagy level is high and prevents atherosclerosis development. Conversely, under low atherogenic SS, A B endothelial autophagy is defective, resulting in cell death, senescence, and inflammation, which favor atherosclerosis development. The mechanisms linking SS-regulated endothelial autophagy with these various cell processes deserve further study. We can yet speculate that defective endothelial autophagy in low-SS areas induces the accumulation of damaged mitochondria, which causes increased formation of mitochondrial reactive oxygen species (37) and eventually apoptosis, senescence, and inflammation. Indeed, low or disturbed SS is known to decrease mitochondrial respiration rate and to increase mitochondrial membrane potential and superoxide anion production in endothelial cells, which can lead to endothelial apoptosis, senescence, and inflammation (11, 38, 39) . Our results provide insights in the understanding of the mechanisms regulating plaque development preferentially in low-vs. high-SS areas. Our findings showing atheroprotective effects of endothelial autophagy are in line with previous studies showing that defective autophagy in vascular smooth muscle cells and macrophages promotes atherosclerosis formation and/or development (40) (41) (42) (43) . Altogether, these data indicate that inhibition of autophagy would be unfavorable as a therapeutic approach in the treatment of atherosclerosis, whereas stimulation of autophagy may be an attractive strategy.
In conclusion, low-SS atheroprone areas are characterized by low and inefficient endothelial autophagy, which triggers a defect in cell alignment as well as endothelial inflammation, apoptosis, and senescence, thereby setting the stage for the initial development of atherosclerotic lesions (Fig. 9) . The defect in endothelial autophagy observed in low-SS areas may thus be the missing link between low SS and atherosclerosis development in these specific regions.
Materials and Methods
The SI Appendix includes further details of the study's materials and methods.
Endothelial Immunofluorescence in Human Carotid Arteries. Human atherosclerotic plaques obtained from five patients were remnants of the surgical specimens routinely processed for pathologic examination following en bloc carotid endarterectomy surgery, which was performed after patient consent (SI Appendix, Table S1 ). Institutional review board approval was not required for the human specimens at the time the work was done. The upstream part was identified from the downstream area of the lesion by using a silk thread. Endothelial cells from the upstream (i.e., high-SS) or downstream (i.e., low-SS) part of the plaque were collected separately (7, 44) . Cells were fixed in 4% paraformaldehyde, permeabilized, incubated with an anti-LC3 antibody (SI Appendix, Table S2 ), and costaining with anti-CD31 antibody and DAPI.
HUVEC Culture. Confluent HUVECs (passage 2-4; 10 different primary cultures; Promocell) were cultured on 0.2% gelatin-coated slides in endothelial cell basal medium containing growth factors, 1% FCS (Promocell), streptomycin (100 IU/mL), penicillin (100 IU/mL), and amphotericin B (10 μg/L).
Plasmid Electroporation. DNA vector encoding the tandem mRFP-GFP-LC3 was used to transiently express the RFP-GFP-tagged LC3 protein to monitor the LC3 translocation and autophagosome fusion with lysosomes. In the absence of autophagy induction, the LC3 fluorescent signals are evenly distributed; upon autophagy induction, punctate fluorescent signals (i.e., yellow LC3 dots) appear as a result of LC3 accumulation on the membrane of autophagosomes; when fusion with lysosomes occurs, the punctate signal becomes red by acidic degradation of the GFP. Transfection efficacy was assessed by expression of fluorescent LC3 protein.
Lentiviral Transduction. Lentiviruses expressing inducible shRNA (SigmaAldrich) were used to silence Kinesin-like protein (i.e., KIF3A), ATG5, and CD31. HUVECs were infected in the presence of hexadimethrine bromide with lentiviruses. Negative controls were lentiviruses expressing a nontarget shRNA used at the same multiplicity of infection as for the protein of interest. Transduced cells were amplified and selected by using puromycin, and ShRNA expression was induced by using isopropyl β-D-1-thiogalactopyranoside.
SS Experiment in Vitro.
A unidirectional steady laminar SS was applied to confluent HUVECs by using a parallel plate chamber system as described elsewhere (45) . Endothelial cell medium previously filtered on a 0.1-μm membrane was perfused at different rates and for different times (1 min to 48 h). Local SS was calculated per Poiseuille's law and was 20, 2, or 0 dyn/cm ; VE-cadherin-Cre mice fed a high-fat diet (n = 6 and n = 9, respectively). (Scale bar, 100 μm.) Black arrow represents flow direction. The inner part of the curvature is exposed to low SS, and the descendant linear part is exposed to high SS. IPTG, isopropyl β-D-1-thiogalactopyranoside; NS, not significant (*P < 0.05, **P < 0.01, and ***P < 0.001).
endothelial cells under SS, HUVECs were stained with an anti-CD144 antibody. Samples were costained with DAPI to identify cell nuclei.
Transmission EM. For transmission EM experiments, the term "autophagic vesicle" refers to autophagosome or autolysosome, as it is often not possible to determine from transmission EM images whether an autophagosome has fused with a lysosome (46) .
In Vitro LC3 Assessment Using Flow Cytometry. After exposure to SS, HUVECs were permeabilized by using 0.2% saponin, which specifically extracts the nonautophagosome-associated form of LC3 (47) . Then, HUVECs were fixed in ethanol and incubated with an anti-LC3 antibody (47) (SI Appendix, Table S2 ). Costaining with propidium iodide for 5 min before flow-cytometry analysis was performed to identify live cells and exclude cell aggregates.
Senescence-Associated β-Gal Activity in Vitro. SA-β-gal activity was assessed by flow cytometry by using a fluorogenic substrate (C 12 FDG; Invitrogen). After exposure to SS, HUVECs were pretreated with chloroquine diluted in medium without Phenol Red to increase the internal pH of lysosomes to 6. C 12 FDG was then added to the medium. HUVECs were then washed and analyzed immediately. Cells not treated with C 12 FDG were used as a negative control.
Animal Models. All mice were on a C57BL/6 background with the exception of Senescence-Associated β-Gal Assay on Mouse Aortas. SA-β-gal staining was performed by incubating the aortas for 48 h at 37°C in a CO 2 -free incubator with a fresh staining solution containing 1 mg/mL X-gal. After staining, aortas were mounted en face on glass slides and imaged by using a brightfield AxioImager Z1 microscope (Zeiss).
Red-Oil Staining. Aortas were stained with a freshly prepared Oil Red O working solution, differentiated by using 70% ethanol, mounted en face, and then observed by using a bright-field microscope.
Murine Aortic Endothelial Cell Isolation. After exposure to type II collagenase, mouse aortic endothelial cells (MAECs) were collected from the aortas and seeded in a 0.1% gelatin-coated plate in DMEM supplemented with 20% FCS. MAECs were used for Western blot analysis after one passage.
En Face Immunofluorescence Microscopy on Mouse Aortas. Mouse aortas were fixed with paraformaldehyde and permeabilized by using Triton X-100. Tissues were then exposed to an anti-LC3, an anti-p53, or an anti-p16 antibody (SI Appendix, Table S2 ) and then to the respective secondary antibody. To assess apoptosis level, aortas were stained with the in situ cell death detection kit from Roche (red). In all experiments, endothelial cells were recognized by their morphology. Still, in most series of experiments, costaining with anti-CD31 antibody or anti-CD144 antibody was performed. In all mice, 8-10 images were obtained from regions in the aortic arch exposed to low SS and the thoracic aorta exposed to high SS.
Immunoblotting. HUVEC or MAEC lysates were mixed with reducing sample buffer for electrophoresis and subsequently transferred onto nitrocellulose for all blots except for p16, KLF-2, p-ACC, and ACC (PVDF membranes). Equal loading was checked by using Ponceau red solution. Membranes were incubated with primary antibodies (SI Appendix, Table S2 ). After secondary antibody incubation, immunodetection was performed by using an enhanced chemiluminescence kit [Immun-Star Western C kit (Bio-Rad) or WesternBright Sirius (Advansta) for p16 blot], and bands were revealed by using the Las-4000 imaging system. After initial immunodetection, membranes were stripped of antibodies and reprobed with anti-GAPDH, antiactin, or anti anti-tubulin antibodies (SI Appendix, Table S2 ).
Statistical Analysis. Data are expressed as mean ± SEM for in vitro experiments and as median (interquartile range) for in vivo experiments. Comparisons between different SS conditions or between control and treatment conditions were performed by using a Wilcoxon test. Comparisons between groups of mice were performed by using the Mann-Whitney U test. Comparison between sexes was performed by using a χ 2 test.
Statistical analyses and figures were performed by using the SPSS statistical package software for Windows (version 20.0; SPSS) and GraphPad Prism 5 software, respectively. All tests were two-sided and used a significance level of 0.05.
Data Sharing. The data that support the findings of this study are available from the corresponding author on request.
